The divertor of the Alcator C-Mod tokamak routinely radiates a large fraction of the power entering the scrape-off layer. This dissipative divertor operation occurs whether the divertor is detached or not, and large volumetric radiative emissivities, up to 60 MW-m-3 in ICRF-heated discharges, have been measured using bolometer arrays. An analysis of both ohmic and ICRF-heated discharges has demonstrated some of the relative merits of detached divertor operation versus high-recycling divertor operation.
I. INTRODUCTION
The current plan for ITER operation specifies that 150 MW flow across the separatrix into the scrape-off layer (PSoL)*' To reduce the heat loads on the divertor plates to technically feasible levels ( -5 MW-m-2 ) the ITER divertor specification then requires that the power flowing to the divertor plates is 5 50 MW ( 0.33 x PSOL ) and that divertor volumetric losses are 100 MW ( 0.67 x PSOL ). This must be done while maintaining a high density (ine 2 iGreenwald) and clean core plasma (central Zeff 1.6).
Large volumetric losses are thus required in the divertor region to dissipate this power before it reaches the divertor plates and redistribute it over the surrounding first-wall. It is also desirable to minimize the detrimental effect of impurities on the core plasma.
Therefore, impurities must be confined to the divertor with minimal concentrations in the core and scrape-off layer (SOL) plasma. This preferential compression of impurities would also aid in pumping helium bom in the core plasma. It remains to be demonstrated that all these conditions can be achieved simultaneously.
At present, there are two methods for high power dissipation in the divertor region; operating the device with either a high-recycling or a detached divertor. In either scenario, the volumetric power losses in the divertor can be high. However, it appears that a number of characteristics of these two regimes are different. In particular, the spatial distribution of the radiating zones and the energy transport can be markedly different. In order to determine the viability of these two dissipative divertor regimes for a fusion reactor, it is necessary to explore their operational characteristics. Furthermore, the underlying physics mechanisms need to be identified in order to extrapolate such results to fusion reactor conditions. Experiments to address these questions have been carried out in Alcator CMod. 2 The divertor geometry and the diagnostics used in these studies are described in Section 11. Dissipative divertor operation is defined in Section Ill. Characterization of the volumetric losses in the divertor region together with the identification of the primary radiating species is presented in Section IV. The advantages and disadvantages of detached versus high-recycling divertor operation are discussed in Section V.
II. EXPERIMENT DESCRIPTION
Alcator C-Mod is a compact, high field tokamak with a "vertical-plate" divertor geometry. It operates routinely with a dissipative divertor, i.e., in either the highrecycling or the detached divertor regime. Parallel heat flux in the scrape-off layer can approach that predicted for ITER (qSOL 5 0.5 GW-m-2 ). The density in the divertor region can be greater than 1 x 1021 m- 3 , approximately that predicted for ITER, thus enhancing the radiative capabilities of the divertor. The divertor plates and first-wall are composed of molybdenum with some carbon contamination. The central Zeff remains low even with this all metal design.
Experimental data reported here were obtained from 5.3 Tesla, lower single-null deuterium discharges utilizing ICRF (ion cyclotron range of frequencies) heating at the second harmonic of deuterium. More specific details of the design, operational capabilities and diagnostics of Alcator C-Mod can be found elsewhere. 2 The relevant details of the divertor geometry used for these experiments can be seen in Figure 1a .
Shown are the separatrix and open and closed flux surfaces for a standard "verticalplate" discharge.
The primary diagnostics for measuring characteristics of these dissipative divertor plasmas are Langmuir probes, bolometers, and ionization gauges located in the divertor region. The Langmuir probes directly measure electron temperature and electron density at the divertor plate and in the scrape-off layer outside of the divertor (also called upstream). 3 There are probes embedded in both the inner and outer divertor plates (see Figure 1a) . The current collecting area of these domed probes extends 0.5 mm beyond the surface of divertor plate to avoid the complexities of flushmounted probes. 4 A reciprocating probe head equipped with four probe tips can be inserted into the SOL. This probe head can sample plasma up to the last-closed-fluxsurface ( LCFS ) and is capable of being inserted up to three times per discharge. The EFIT 5 magnetics code is used to map the coordinates of the probes embedded in the divertor plates and the position of the reciprocating probe to the flux coordinate at the midplane. This mapping procedure allows comparison of the plasma conditions at the divertor plate and in the SOL upstream from the divertor.
The bolometer systems are used to determine the local radiation emissivity and the total radiated power of the plasma (photons plus neutral particles). Each bolometer detector consists of a blackened gold foil absorber separated by an insulating foil from gold meander resistors. 6 The foils absorb neutral particles and radiation from visible through x-ray energies. The layout of the bolometers in the Alcator C-Mod divertor is shown in Figure 1b . There are twelve collimated detectors that view the divertor region. Tomographic inversion of the chordal data to obtain local emissivities is routinely performed. The calculation is done, assuming axisymmetry, on a grid of 2 cm square pixels that span the divertor region in the poloidal plane. A non-negative constraint and spatial smoothing are used in the inversion algorithm. 7 For the purposes of power accounting, this divertor radiation, Pd, is split into two parts, pdivin = divertor radiation from inside the LCFS and pdivout = divertor radiation 
Ill. CHARACTERISTICS OF DISSIPATIVE DIVERTOR OPERATION
The Alcator C-Mod divertor and SOL can be characterized by three distinct transport regimes. 9 These regimes are (1) sheath-limited, where the electron temperature and pressure measured at the divertor plate are equal to that measured in the SOL outside of the divertor (upstream), (2) high-recycling divertor, where the electron pressure is constant on a flux surface but large temperature and density gradients exist between the divertor plate and upstream, and (3) detached divertor, where large gradients in both the electron temperature and pressure exist between the divertor plate and upstream. The high-recycling and detached divertor regimes are dissipative divertor regimes in the sense that large fractions of the SOL power are radiated and it is these regimes that will be discussed in this paper. Figure 2 ) is that the electron temperature is below 5-6eV. This is consistent with the model that assumes ion-neutral interactions, i.e. charge-exchange, are important in removing momentum (causing a loss in pressure).1O Also noteworthy is the fact that the Alcator C-Mod divertor plasma detaches at lower densities, relative to the Greenwald limit, 11 than other tokamaks. 12 One possible factor in determining this limit is the "vertical-plate" geometry of the divertor (see Figure 1) .
The plasma discharge shown in Figure 3 shows a number of characteristics of an 
IV. RADIATION MEASUREMENTS
Tomographic analysis of divertor bolometer array measurements yields the magnitude and distribution of the divertor volumetric loss emissivities. During highrecycling operation, the largest emissivity is located near the inner divertor (see Figure   4a ). There is also significant emissivity spread along the outer divertor leg of the separatrix. For this ohmic plasma, the peak in the emissivity has a value of 5 30 MWm- 3 . During a discharge, such as that depicted in Figure 3 , with 2 MW of ICRF power added, the peak in the emissivity reaches a value of 60 MW-m-3 with large regions having emissivities of 10 MW-m- 3 . The largest emissivity is located on the inboard side only when the ion VB drift is directed toward the divertor. If the ion VB drift is directed away from the divertor the largest emissivity is located near the outer divertor plate. 13 For the remainder of this discussion, only results with the ion VB drift directed toward the divertor are presented.
As the divertor plasma becomes detached, the peak in the divertor emissivity moves inside the LCFS near the X-point (see Figure 4b ). This movement can be rapid ( 10 msec ) or gradual ( 100 msec) depending on how quickly the temperature in the divertor is evolving. It is well correlated with the decrease in the ion saturation current collected by probes embedded in the divertor plates. The peak values of the emissivity are very similar to those measured in the high-recycling divertor regime.
When the divertor detaches, the total power losses inside the separatrix (PnCFS _ pdiv~in + Prn" = divertor radiation from inside the LCFS plus main plasma radiation) become much larger than those in the divertor region outside the separatrix due to the spatial movement of the divertor volumetric losses and a slight increase in the main plasma radiated power. Also, the ratio of Piv out to Pdv in changes from a value of about three to about one as the divertor plasma goes from the high-recycling to the detached divertor regime. Studies have been undertaken to determine the composition of the volumetric emissivity in the X-point region. An extreme-ultraviolet ( XUV ) spectrograph15 and a visible spectrograph have been used to survey the radiation coming from the divertor region. For these studies, the X-point had been shifted to larger major radius and up vertically to be in the field-of-view of the XUV spectrograph. These studies show that the total radiation emissivity is dominated by the XUV radiation.
For non-dissipative divertor plasmas with low central density (flmain ~ 1 x 1020 m 3), the significant contributors to the observed radiation in the XUV wavelength range of 60 -1160 A are argon, fluorine, carbon, and oxygen (see Table 1 ). Argon is normally puffed in trace amounts to perform core ion temperature measurements while the other three are intrinsic impurities. Since most of the deuterium line emission is not in the observed spectral region, the total contribution of deuterium to the power is calculated from the observed brightness of the DLyP line. At these lower densities DO is not a major radiator. As the central density is raised, the divertor plasma enters the dissipative divertor regime. Argon, fluorine, carbon, and oxygen remain significant radiators (see Table 1 ). In this regime the contributions of DO line radiation and continuum emission (assumed to be bremsstrahlung) become significant in the power balance. In all cases, molybdenum is a negligible contributor to the XUV and visible radiated power.
In addition to determining the sources of the radiation in the divertor, it is of interest to compare the measured radiation intensities with the intensities measured by the bolometers. This comparison was made by summing all of the emission in the 60 -1160A wavelength range (continuum included) as measured along a spectrograph viewing chord and comparing the resulting total brightness to that measured by a bolometer which views along essentially the same (but toroidally displaced) chord.
The results of this comparison are displayed in Figure 5 . Also included in this figure is the contribution from all the deuterium lines, as calculated from the DLyP line brightness (the contribution from the visible spectrum between 4000 and 9000A is negligible). The bolometer measures all the radiation emitted from the plasma plus the power removed from the plasma by charge-exchange neutrals, while the XUV and visible measurements miss the radiation between 1160 A and 4000 A. Nonetheless the measurements agree at low density (t < 0.65 s) within the absolute calibration uncertainties of the diagnostics. However, in the dissipative divertor regime (t > 0.65 s), the two time histories are strikingly different. The bolometer brightness nearly doubles, while the total detected XUV radiation brightness is essentially unchanged.
This discrepancy in the temporal behavior of the bolometer and XUV total brightness points to charge-exchange neutrals as being an important loss mechanism in the high density, dissipative divertor. The DO radiative loss and charge-exchange loss are intimately related, since each is proportional to nonei as long as both the neutrals and the radiation escape the plasma. A simple estimate of the ratio of these losses can be made by comparing the relevant rate coefficients. This exercise yields a ratio of charge exchange power to total deuterium radiation power that rises strongly (from a value of about one) at temperatures of < 3 eV. Thus the time history differences seen in Figure 5 suggest that (1) the charge-exchange contribution to the divertor power loss is significant in the dissipative divertor regimes on Alcator C-Mod, and (2) this loss occurs in a region of low (< 3 eV) temperature.
V. HIGH-RECYCLING VS. DETACHED DIVERTOR
During high-recycling divertor operation, total power losses in the relatively small divertor region can be equal to the total power losses inside the separatrix. This is because the local emissivities in the divertor region are at least twenty times greater than those in the main plasma. The ratio Pivo a prCFS has been measured to be as high as 1.8. This ratio is an indication of how efficiently the divertor volume is being used as a radiating region. When the divertor plasma detaches, the ratio becomes much smaller (see Figure 6 ). This is a result of the peak in the divertor volumetric emissivity moving inside the LCFS near the X-point as well as a slight increase in the radiated power in the main plasma. Under detached divertor conditions, the divertor volume is no longer being used as effectively as a radiating region as it was under high-recycling divertor conditions.
The penetration efficiency of impurities is observed to increase when the divertor plasma is detached from the plates. This is illustrated in Figure 7 . Main plasma measurements made with the XUV spectrograph show that both intrinsic and puffed impurity levels in the plasma are doubled after detachment. Carbon levels in the main plasma are affected by either a change in the source or a change in the penetration efficiency. Measurements indicate that the source does not change after the detachment occurs, so that the change in carbon content of the plasma is primarily due to a change in the penetration efficiency. Similarly, for the recycling impurity neon, the source (constant gas puff) does not change upon detachment, but the neon content of the plasma does. This is indicated by the change in slope of the neon content versus time plot in Figure 7 (for a recycling impurity, the concentration is proportional to the integral of the source rate). 16 Similar results have been obtained when studying the argon gas puffed for core ion temperature measurements and other puffed impurity gases.
The neutral compression ratio is defined as the ratio of the neutral pressure in the divertor to the neutral pressure at the midplane. This parameter is important for maximizing pumping efficiency of deuterium and helium. High neutral densities in the divertor may also lead to better trapping of neutral impurities. Figure 8 shows that the compression ratio is reduced upon detachment of the divertor plasma. Under detached conditions the compression is reduced to a level equivalent to that of a nondissipative divertor regime. This reduction is primarily due to an increase in the neutral pressure at the midplane as the divertor neutral pressure remains essentially constant. The increase in midplane pressure arises from a change in the ion flux profile on the divertor plates and a change in the leakage flux of neutrals around the divertor plates. 17 The ability to achieve high confinement modes may be hindered by this change in pressure because low neutral pressure on the midplane is believed to be an important parameter in the dynamics of H-modes. 18 19 Probe measurements provide an independent estimate of the power lost from the plasma before it is convected and/or conducted to the divertor plates. In the highrecycling divertor the power that reaches the plates is low, typically about 20% of the total power input to the main plasma (see Figure 9 ). This power flux is measured with div the embedded divertor probes and is calculated using Qflux = y Te Jsat, where y=7 is the sheath heat conduction factor, Te is the electron temperature, and Jsat is the ion saturation current density. The resulting heat fluxes are integrated over the surface of the divertor plate to obtain the total power flowing to the divertor plates. This power flux to the plates is further reduced after the divertor plasma detaches, becoming 10% of the power input to the main plasma. In either type of dissipative divertor operation, the problem of removing the heat is eased, causing less erosion of the divertor plates. This is of course important for extending the lifetime of the divertor components in future tokamaks and reactors.
VI. Conclusions
Alcator C-Mod operates routinely with a dissipative divertor. Operation in the high-recycling and detached divertor regimes has been demonstrated. For both ohmic and ICRF-heated discharges, the divertor is highly dissipative: 0.5 x PSOL pdi < 1.0
x PSOL. This leads to low heat fluxes on the divertor plates. The corresponding volumetric loss emissivities are often > 30 MW-m-3 . These emissivities are approximately equal to those needed to radiate about 100 MW in the ITER divertor and thus bring the divertor heat load down to acceptable levels. In the high-recycling regime with the ion VB drift directed toward the divertor, the emissivity is peaked outside the LCFS near the inner divertor plates and along the outer leg of the separatrix. In the detached divertor regime, the emission peak is located inside the LCFS near the X-point. In ohmic plasmas, the radiating species in the divertor region have been identified. The most significant radiators are of low atomic number, namely carbon, oxygen, fluorine, and argon. Deuterium radiation, bremsstrahlung, and charge-exchange are also important loss channels in both dissipative divertor regimes.
The following advantages and disadvantages of detached divertor plasmas with respect to high-recycling divertor plasmas have been identified. There is less power radiated in the divertor region outside the LCFS relative to that radiated inside the LCFS. This is considered to be a disadvantage because the divertor volume is no longer being used effectively as a radiating region. The penetration efficiency of impurities, both intrinsic and puffed, is increased. This characteristic is unfavorable for the reason that the increase in main plasma impurities cools the core plasma and dilutes the fuel. The neutral compression ratio is reduced. A high compression ratio is favorable for pumping deuterium and helium and possibly indicative of a good impurity compression ratio. Lower neutral pressure at the midplane (high compression) also appears to improve confinement and increase the upper density limit allowable for H- 6. Ratio of the power radiated in the divertor outside the LCFS to the total power radiated inside the LCFS versus the input power for dissipative divertor discharges.
This ratio decreases when the divertor plasma detaches from the plates. 
